RS. Paradoxical arteriole constriction compromises cytosolic and mitochondrial oxygen delivery in the isolated saline-perfused heart. The isolated saline-perfused heart is used extensively to study cardiac physiology. Previous isolated heart studies have demonstrated lower tissue oxygenation compared with in vivo hearts based on myoglobin oxygenation and the mitochondrial redox state. These data, consistent with small anoxic regions, suggest that the homeostatic balance between work and oxygen delivery is impaired. We hypothesized that these anoxic regions are caused by inadequate local perfusion due to a paradoxical arteriole constriction generated by a disrupted vasoregulatory network. We tested this hypothesis by applying two exogenous vasodilatory agents, adenosine and cromakalim, to relax vascular tone in an isolated, saline-perfused, working rabbit heart. Oxygenation was monitored using differential optical transmission spectroscopy and full spectral fitting. Increases in coronary flow over control with adenosine (27 Ϯ 4 ml/min) or cromakalim (44 Ϯ 4 ml/min) were associated with proportional spectral changes indicative of myoglobin oxygenation and cytochrome oxidase (COX) oxidation, consistent with a decrease in tissue anoxia. Quantitatively, adenosine decreased deoxymyoglobin optical density (OD) across the wall by 0.053 Ϯ 0.008 OD, whereas the reduced form of COX was decreased by 0.039 Ϯ 0.005 OD. Cromakalim was more potent, decreasing deoxymyoglobin and reducing the level of COX by 0.070 Ϯ 0.019 OD and 0.062 Ϯ 0.019 OD, respectively. These effects were not species specific, as Langendorff-perfused mouse hearts treated with adenosine demonstrated similar changes. These data are consistent with paradoxical arteriole constriction as a major source of regional anoxia during saline heart perfusion. We suggest that the vasoregulatory network is disrupted by the washout of interstitial vasoactive metabolites in vitro.
INTRODUCTION
The isolated saline-perfused heart is a commonly used, well-controlled preparation to study cardiac hemodynamics, mechanics, pathophysiology, pharmacology, and metabolism. However, many previous studies, using a variety of species, perfusion conditions, and technologies, have found evidence of regional anoxia (9, 31, 39, 46, 51, 66, 76) , despite high phosphorylation potentials even in the rabbit (35) , which has not been found in the heart in vivo using optical (3) and proton NMR techniques (5) . The origin of these relatively small anoxic zones in the saline-perfused heart is unknown. Their existence complicates the interpretation of metabolic and functional data from the perfused heart.
A sensitive method of monitoring striated muscle oxygenation is optical spectroscopy, which permits the evaluation of net cytosolic oxygenation via myoglobin and mitochondrial oxygenation via cytochrome oxidase (COX) chromophores. The partial pressure of oxygen to achieve 50% saturation (P 50 ) of myoglobin [2. 68) ] is higher than that of COX [0.05-0.15 mmHg (80) ], facilitating the transfer of oxygen from the cytosol to the mitochondrion. It is important to note that the large differences in myoglobin and COX oxygen affinities imply that deoxygenation of myoglobin does not necessarily reflect an oxygen limitation for oxidative phosphorylation via COX. Thus, to establish whether oxygen is limiting for oxidative phosphorylation, the assessment of COX redox state is required.
Although many studies have evaluated the myoglobin oxygenation status of the perfused heart with spectroscopy (39, 42, 46, 47, 49, 58, 66, 67, 76) , fewer studies have explored PO 2 at the mitochondrion using the redox status of the cytochromes, including COX (31, 39, 46, 51, 57, 76) . Prior optical studies of myoglobin and COX surprisingly found that both deoxygenated myoglobin and reduced COX were present in the isolated perfused hearts of various species (9, 31, 39, 46, 51, 66, 76) . Because of the large difference in oxygen affinities between myoglobin and COX as well the small percentage of reduced COX, it was suggested that this observation represented small zones of total anoxia in the perfused heart (9, 31, 51, 76) .
A preponderance of data support the notion that in vivo myoglobin is nearly completely oxygenated under control conditions (3, 5, 19, 69, 82) . Additionally, in vivo hearts can tolerate modest changes in cardiac workload without changes in the oxygenation state (3, 5) or cytochrome c redox state (3) . These data demonstrate that workload and flow are orchestrated, in vivo, to eliminate oxygen limitations to cardiac metabolism and function. In contrast, investigators have reported only 72-82% myoglobin oxygenation and a high reduction level of COX during retrograde Langendorff perfusion despite the fact that the workload of this preparation is quite low compared with in vivo conditions (4, 10, 12, 23) . Furthermore, changes in workload, such as adrenergic stimulation with epinephrine (28) or isoproterenol (46) , yield myoglobin deoxygenation in the isolated heart. These latter data suggest that the resting workload of the heart adjusts to available oxygen in the perfusate. This conclusion is supported by studies using saline perfusate supplemented with red blood cells (9, 12, 18, 27, 53, 61, 66) or perfluorocarbons (17, 51, 72) to improve oxygen carrying capacity. Improving oxygen delivery led to improved cardiac performance (9, 12, 17, 18, 27, 51, 53, 61, 66, 72) as well as increased myoglobin oxygenation (9, 51, 66) and cytochrome oxidation (51) in vitro.
Our laboratory developed a transmission optical spectroscopy system for the isolated rabbit heart that permits real-time monitoring of cardiac chromophore absorption, including myoglobin and heme aa 3 groups of COX (31) . Applying this approach, we confirmed the existence of deoxygenated myoglobin and reduced COX in the saline-perfused rabbit heart during both Langendorff perfusion (31, 42) and left working heart preparation (31, 51) . These observations of myoglobin oxygenation and COX redox state agree with earlier spectroscopic studies suggesting saline perfusion propagates small regions of total anoxia.
The reasons for the regional anoxia commonly found in the saline-perfused heart are unknown. The normal hypoxiadriven vasoregulatory systems could be disrupted by a damaged vasculature, obstruction of vessels, or alterations in the interstitial signaling network limiting the ability of the heart to match flow with oxygen demand. We hypothesized small regions of the myocardium are not adequately perfused, and are consequently anoxic, because of a paradoxical arteriole constriction (PAC) generated by disrupted hypoxia-driven vasoregulatory mechanisms controlling arteriole tone. We focused on arteriole function because of the role of arterioles as the major source of vascular resistance and control in the heart (21) , the relatively small size of the anoxic regions, and their consistent detection across many studies implying a distributed pattern. If arteriole tone is maintaining these anoxic zones, exogenously applied vasodilators should decrease this tone and result in a reduction in regional anoxia. To test the PAC hypothesis in the perfused, left ventricular working rabbit heart and the Langendorffperfused mouse heart, we used transmission optical spectroscopy to examine the effects of different exogenous vasodilators on cytosolic and mitochondrial oxygenation simultaneously with conventional measures of cardiac function and metabolism.
METHODS

Heart Excision, Perfusion, and Physiological Monitoring
All animal protocols were approved by the National Heart, Lung, and Blood Institute Animal Care and Use Committee and performed in accordance with the guidelines described in the Animal Care and Welfare Act (7 USC 2142 § 13) .
Isolated rabbit hearts. Male New Zealand White rabbits (2.5-3.25 kg) were preanesthetized using an intramuscular injection of ketamine-acepromazine (10:1). Fifteen minutes after preanesthetic administration, isoflurane (2-3%) was administered with a mixture of medical air-oxygen via inhalation. After a proper depth of anesthesia was confirmed, an intravenous line was placed in the marginal ear vein. Intravenous administration of 1.5 ml heparin (1,000 U/ml) was followed by a 5-min circulation period. The animal was euthanized with an intravenous bolus of 3 ml KCl (2 meq/ml). Immediately, a midline sternotomy was performed to expose the heart, after which the heart was excised rapidly and immersed in ice-cold saline buffer. The saline buffer used for all experiments contained (in mM) 10 mM HEPES, 137 NaCl, 5.4 KCl, 1.8 CaCl2, 0.5 MgCl2, 1.0 Na2HPO4, 10 glucose, and 1 lactate. All buffer was filtered through a 1-m pore membrane (Whatman) before use.
After the aorta was cannulated, the heart was retrograde perfused at constant pressure (62 mmHg) with buffer oxygenated with 100% O 2, maintained at 37°C, and filtered through a 12-m pore membrane (Whatman). Hearts were perfused on an extensively modified perfused heart system (120101BEZ, Radnoti), as the high flow resistance of the commercial system was not compatible with a working rabbit heart (51) . Importantly, the internal diameter of all tubing was 5 mm or greater, standard three-way valves were replaced with wide-bore T connectors, and all of the inflow channels on the bubble traps were severely shortened to prevent bubbles entering the perfusion path at high flow. In the absence of three-way valves, flow was redirected using external tubing clamps. These additional modifications, required to assure that vasodilation was limited by the heart and not the perfusion apparatus, resulted in higher peak flow rates in the rabbit heart than our previous publications on this modified system (31, 51) . The vena cava and pulmonary veins were then ligated, and the pulmonary artery was cannulated for coronary flow measurements. A small piece of the left atrial appendage was removed, and the left atrium was cannulated. If hearts were to be paced, electrodes were sutured onto the right atrial appendage at least 5 mm apart. Hearts were stimulated at 5-8 V with 1.5-ms pulses using a Grass S44 Stimulator (Grass Medical Instruments). Upon transition into the left working heart, a side-firing white light LED-tipped catheter, as previously reported by Femnou et al. (31) , was fed into the perfusion system at a point superior to the aortic cannula and then through the aorta into the left ventricle.
In the left working mode, there was a left atrial preload pressure of 7 mmHg and an aortic afterload pressure of 55 mmHg, determined by the height of the preload and afterload chambers. All flows were measured using 4PXN flow-through sensors (Transonic) coupled to a TS410 Tubing Flow Module (Transonic). Heart rate was calculated as the frequency of coronary flow oscillations, as well as aortic output oscillations, for validation. Arterial oxygenation was measured using an optical oxygen sensor probe (Ocean Optics) situated in the left atrial preload chamber. Venous oxygenation was measured using a custom flow-through optical oxygen sensor (Ocean Optics) positioned past the pulmonary artery cannulation. Both sensors were connected to a NeoFox-GT phase fluorimeter (Ocean Optics). A calibration of perfusate oxygen saturation was performed during each experiment by either bubbling the perfusate with 100% nitrogen or 100% oxygen for 0% or 100% oxygen saturation, respectively. Temperature and pressures were acquired using an MP150 data acquisition system (BIOPAC). A Skin Temperature Amplifier (SKT100B, BIOPAC) was coupled to a temperature probe (RX202A, BIOPAC) secured in the perfusion system just before the left atrial cannulation for continuous measurement of temperature. A General Purpose Transducer Amplifier (DA100C, BIOPAC) was coupled to pressure transducers (TSD104A, BIOPAC) with disposable pressure sensors (RX104A, BIOPAC) for measurements of aortic and left atrial pressures. Aortic pressure was measured from a point superior to the aortic cannulation, and left atrial pressure was measured from a point in the perfusion line just before the left atrial cannulation. All functional signals were digitized via a PowerLab interface (AD Instruments). Functional signals were collected at 1,000 samples/s and then downsampled for a final sampling rate of 1 sample/s. Sixty samples at each steady-state event were averaged for functional measurements. For reference, steady states were reached within 1 min of any perturbation.
Isolated mouse hearts. Male C57 BL/6N mice between 12 and 16 wk of age (Taconic Farms) were anesthetized with a mixture of pentobarbital sodium (50 mg/kg) and heparin (50 USP units) via intraperitoneal injection. A thoracotomy was performed, and the heart was excised rapidly and submerged in ice-cold saline buffer. The heart was then cannulated and perfused on a Langendorff perfusion apparatus at constant pressure (75 mmHg) with saline buffer composed as described above and passed through a 0.22-m filter before use, oxygenated with 100% O 2, and maintained at 37°C.
Myocardial Optical Absorbance Spectroscopy
Two different intraventricle light source catheters were used in the rabbit and mouse because of size differences. A previously published custom, side-firing white light LED-tipped catheter (31) was inserted into the left ventricle of the rabbit heart as described above. However, this catheter was too big to insert into the mouse heart, requiring a different intracavity light source. To accomplish this task, a commercially available side-firing fiber optic (FIP150165195, Polymicro Technologies Molex) was inserted through the mitral valve into the left ventricle of the mouse after removal of the left atrial appendage, as previously described by Femnou et al. (31) in the rabbit using the larger catheter. This fiber optic had an outer diameter of 195 m with a fiber core of 150 m, a numerical aperture of 0.22, and a length of 1.5 m. The fiber SMA905 connector was attached to a high-power white light source (A FCS 0000, MIGHTEX). This fiber is smaller than many Millar catheters used for mouse hearts around 1-Fr (333 m) (1) and did not impact the observed function of the heart.
In both experimental setups, light transmitted through the left ventricular free wall was collected using a 2-mm fiber optic light guide (Thor Laboratories) positioned perpendicular to the epicardial surface of the left ventricle,~1 cm away, at a point of maximum transmitted light intensity. Changes in transmural visible light absorbance were measured using a cooled, rapid-scanning spectrometer (QE65PRO, Ocean Optics) connected to the fiber optic. Light intensity was recorded at 1,044 points between 349 -742 nm. Spectra were collected at 1 sample/s using a custom LabVIEW-based program (31) designed for spectral acquisition and analysis. No effort to compare systole with diastole was made, as a previous study has shown no differences in the heart chromophores through the cardiac cycle (51) . The software permitted real-time monitoring of the raw transmitted light as well as the absorbance difference between a dynamically defined control period and current acquisition. In addition, the realtime linear least-squares regression fitting of the data with isolated reference spectra was displayed, as described below. Care was taken to eliminate any other sources of light and to position the catheter and detection fiber to collect maximum transmitted light. In a few circumstances, large motion artifacts due to the heart swinging prevented adequate light intensity collection.
Spectral Analysis
Analyses were performed in optical difference mode to minimize static absorbance and scattering effects. Spectral fitting was performed using chromophore reference standards and a previously described LabVIEW-based program (31) . Reference spectra used were identical to previous publications (20, 31) and included chemically reduced myoglobin, flavin adenine dinucleotide (FAD)/flavin mononucleotide (FMN), 2 distinct cytochrome aa 3 species (with maxima at 605 and 580 nm), and cytochrome c, cytochrome c1, cytochrome bH, and cytochrome bL in addition to a light sieving spectrum unique to each light source. In the present study, we used a bandwidth of 490 -630 nm for spectral analysis. Two methods of analysis were conducted: 1) steady-state analysis was performed by averaging 50 -150 spectra at each steady-state event, and optical density (OD) was calculated relative to the appropriate control as noted in RESULTS, and 2) time courses of chromophore absorbance were determined by averaging 50 -150 spectra to generate an appropriate control spectrum and then calculating the optical difference at each time point relative to that control. Reported ODs were calculated using the steady-state methodology to improve signal to noise.
Chromophore contributions were quantified by reporting ⌬OD nm of a characteristic peak wavelength (in nm) of each fitted chromophore reference. For myoglobin (⌬OD 582), the 582-nm peak of oxygenated myoglobin was used. Therefore, increases in ⌬OD582 refer to an increase in myoglobin oxygenation. In the present study, which dealt primarily with alterations in tissue oxygenation, the species used primarily for COX fitting was hypoxia-reduced cytochrome aa 3 (⌬OD605) characterized by a 605-nm peak, which represents the fully reduced heme a and heme a3. Increases in ⌬OD605 refer to an increase in overall reduction level of COX (20) . Hypoxiareduced cytochrome c (⌬OD 550) was characterized by a 550-nm peak. Increases in ⌬OD550 refer to an increase in the reduction level of cytochrome c.
It is important to note that these single wavelength ⌬OD values were extracted, for quantitation, from the total fit of all chromophores across all frequencies and should not be confused with single or dual wavelength measures (for examples, see Refs. 42 and 46) that are prone to error (31) .
Statistics
Data are reported as means Ϯ SE. Significant differences in functional and spectral outcomes between conditions were determined using unpaired or paired Student's t-tests when appropriate and are indicated in the RESULTS. P values of Ͻ0.05 were considered statistically significant.
RESULTS
The major objective of the present study was to determine the effect of exogenous vasodilators on cellular oxygenation and mitochondrial redox state in the isolated working rabbit heart. A secondary objective was to adapt our transmission spectroscopy technique for use in the Langendorff-perfused mouse heart to confirm the effects of vasodilation on metabolism in this popular model of cardiac physiology. Two vasodilators were used in this study: 1) adenosine, a physiological, extracellular vasodilator working through adenosine receptors of the heart (10, 13, 26, 50, 59, 65) , and 2) cromakalim, a pharmaceutical agent with a direct relaxation effect on vascular smooth muscle (15, 24, 73) . Both of these agents, along with potentially secondary effects (40, 52) , directly hyperpolarize the vascular smooth muscle via activation of K ϩ channels (15, 22, 24, 44, 73) .
Adenosine
Adenosine causes vasodilation as well as a reduction in heart rate (11, 26) . To separate chronotropic from vasodilatory effects, dose-response experiments of exogenous adenosine H1793 PARADOXICAL ARTERIOLE CONSTRICTION IN THE PERFUSED HEART were performed in the isolated working rabbit heart over concentrations of 4.4, 16, 38, 72 , and 117 M with and without continuous pacing slightly above the intrinsic heart rate.
Before pacing, the average heart rate was 149 Ϯ 8 beats/ min, coronary flow was 36 Ϯ 2 ml/min, and aortic output was 111 Ϯ 8 ml/min. Additionally, average oxygen consumption was 6.1 Ϯ 0.5 mol O 2 ·min Ϫ1 ·g Ϫ1 . Average ventricular wet weight was 5.7 Ϯ 0.1 g. To facilitate pacing capture, hearts were paced 3.7 Ϯ 0.4% above their intrinsic rate (P Ͻ 0.005). This resulted in a 1.9 Ϯ 0.8% increase in coronary flow (P Ͻ 0.025), a 2.5 Ϯ 1.5% increase in aortic output (P Ͻ 0.05), and a 2.8 Ϯ 0.9% increase in oxygen consumption (P Ͻ 0.005).
Modest increases in heart rate were accompanied by significant changes in the absorption spectrum of the heart. The absorbance difference spectrum between pacing and control is shown in Fig. 1A , with the individual chromophore contributions to the fit of this example are shown in Fig. 1B . The spectral analysis demonstrated a decrease in oxygenated myoglobin and an increase in reduced cytochrome aa 3 and reduced cytochrome c consistent with increased tissue anoxia with pacing. Pacing decreased ⌬OD 582 of myoglobin by 0.008 Ϯ 0.002 (P Ͻ 0.0005) consistent with deoxygenation, whereas ⌬OD 605 of cytochrome aa 3 increased 0.006 Ϯ 0.001 (P Ͻ 0.0005) and ⌬OD 550 of cytochrome c increased 0.002 Ϯ 0.001 (P Ͻ 0.05), indicative of a cytochrome reduction. The worsened tissue anoxia, made evident by myoglobin deoxygenation and an increased COX reduction level, in response to small stimulus of exogenous work by pacing suggests that even oxygenated regions are on the brink of hypoxia and fail to elicit an appropriate regulatory increase in flow.
Adenosine caused dose-dependent vasodilation and changes in myocardial performance in both unpaced and paced conditions ( Table 1 ). The half-maximal effective concentration of adenosine on coronary flow was not significantly different at 18 Ϯ 4 and 15 Ϯ 2 M in unpaced and paced hearts, respectively.
Focusing on the near maximally effective dose of adenosine in terms of vasodilation, 72 M adenosine decreased coronary vascular resistance (CVR) by 42 Ϯ 5% (P Ͻ 0.005) in unpaced hearts and 38 Ϯ 4% (P Ͻ 0.05) in paced hearts, whereas coronary flow doubled in both conditions. Decreases in CVR and accompanied increases in coronary flow brought about large increases in venous PO 2 in both conditions. Aortic output did not change in unpaced hearts despite an 18 Ϯ 3% reduction in heart rate (P Ͻ 0.001), whereas aortic output increased by 27 Ϯ 6% (P Ͻ 0.0005) in paced hearts. These functional data suggest that the cardiac output, and associated oxygen consumption, per heart beat increased with adenosine vasodilation and increased oxygen delivery. Consistent with this notion, oxygen consumption paralleled the functional data: oxygen consumption was unchanged in unpaced hearts but increased by 19 Ϯ 6% (P Ͻ 0.01) in paced hearts. Exogenous adenosine greatly improved coronary perfusion in both conditions but also increased cardiac work and oxygen consumption in paced hearts. These functional data support the notion that under control conditions, the heart maintains vascular tone that is apparently limiting cardiac function.
As shown by the unpaced example in Fig. 2A , adenosine caused dose-dependent changes in myocardial absorbance. Again, using 72 M adenosine as an example, the difference spectrum of adenosine and control in the same unpaced heart was fit adequately (note minimal residuals from the fit) using our chromophore references (Fig. 2B ). The individual chromophore contributions to the spectral fit are shown in coronary flow ( Fig. 2E) . Even under these transient conditions, the optical absorbance changes tracked the coronary flow induced by adenosine in both unpaced and paced conditions. The reason for the transient effect of adenosine at low dose is unknown but may be related to changes in flow altering the effective concentration of adenosine, infused at a constant rate, or even endogenous vasoactive agents.
Optical data for adenosine titration studies are shown in Table 1 alongside functional measures emphasizing that dosedependent changes in chromophore absorbance, quantified from spectral fitting, coincided with changes in CVR, coronary flow, and venous PO 2 in the steady state. In unpaced hearts, 72 M adenosine caused a significant increase in the ⌬OD 582 of myoglobin by 0.042 Ϯ 0.003 (P Ͻ 0.0005), consistent with oxygenation, whereas the same concentration of adenosine caused a significantly smaller increase in the ⌬OD 582 of myoglobin, 0.031 Ϯ 0.004 (P Ͻ 0.0005), in paced hearts. In unpaced hearts, the ⌬OD 605 of cytochrome aa 3 (⌬OD 605 ) was Ϫ0.040 Ϯ 0.003 (P Ͻ 0.0005) and the ⌬OD 550 of cytochrome c was Ϫ0.020 Ϯ 0.003 (P Ͻ 0.001), consistent with cytochrome oxidation. In paced hearts, the ⌬OD of cytochrome aa 3 (⌬OD 605 ) was Ϫ0.026 Ϯ 0.004 (P Ͻ 0.001), whereas that of cytochrome c was Ϫ0.013 Ϯ 0.002 (P Ͻ 0.0005).
Despite differences in magnitude, myoglobin oxygenation, and COX oxidation by 72 M adenosine occurred in both unpaced and paced conditions; however, the negative chronotropic effect of adenosine had a clear impact on the magnitude of change in tissue oxygenation. This is shown in Fig. 2F , in which cytochrome aa 3 was maintained more reduced during pacing compared with the unpaced condition with decreasing heart rate. Parallel effects were also observed for deoxygenated myoglobin and reduced cytochrome c ( Table 1 ). These data demonstrate that an imbalance between workload and flow continues to compromise tissue oxygenation in the paced condition even in the presence of exogenous vasodilation and increases in cardiac work output. Thus, exogenous vasodilation does not assure adequate tissue oxygenation over all possible workloads in the saline-perfused heart.
In the mouse heart, 20 M adenosine [a saturating dose (32)] increased coronary flow from 1.8 Ϯ 0.4 to 3.1 Ϯ 0.4 ml/min (P Ͻ 0.005, n ϭ 4), consistent with previous studies. This increase in flow was associated with myoglobin oxygenation and cytochrome oxidation as demonstrated by the absorbance difference spectrum between adenosine and control in the isolated mouse heart (Fig. 3A ) and the individual chromophore contributions to the spectral fit of the difference spectrum ( Fig. 3B ). Adenosine caused a 0.066 Ϯ 0.01 (n ϭ 4, P Ͻ 0.01) increase in ⌬OD 582 of myoglobin and 0.038 Ϯ 0.005 (n ϭ 4, P Ͻ 0.005) and 0.063 Ϯ 0.017 (n ϭ 4, P Ͻ 0.025) decreases in ⌬OD of cytochrome aa 3 (⌬OD 605 ) and cytochrome c (⌬OD 550 ), respectively. An ischemia versus adenosine absorbance difference spectrum from the same heart ( Fig. 3C ) and the individual chromophore contributions to the spectral fit of that difference spectrum (Fig. 3D) are provided for reference. These results parallel those of the rabbit heart; adenosine increased flow and elicited myoglobin oxygenation and cytochrome oxidation, implying regional anoxia under control conditions. 
Cromakalim
Cromakalim was used to confirm the requirement of vasodilation to relieve tissue anoxia in the perfused rabbit heart. To match the paced adenosine condition, hearts administered 5 M cromakalim were also paced. Cromakalim was apparently more effective in decreasing CVR, increasing coronary flow and venous PO 2 (Table 2) compared with adenosine (Table 1) . Cromakalim did not affect aortic output or oxygen consumption, despite enhanced perfusion and oxygenation, consistent with a net negative inotropic effect (55, 81) . Indeed, we found that pacing was required to maintain a stable cardiac output with cromakalim.
Vasodilation by cromakalim increased myoglobin oxygenation and cytochrome oxidation (Table 2) to a larger extent than adenosine, suggesting that adenosine did not fully oxy-genate the myocardium as suggested from the earlier comparison with paced and unpaced adenosine functional effects. This is demonstrated in the absorbance difference spectrum between cromakalim and paced control ( Fig. 4A ) and individual chromophore contributions to the spectral fit ( Fig. 4B ). There was an increase in ⌬OD 582 of myoglobin by 0.070 Ϯ 0.019 (P Ͻ 0.025) and decrease in ⌬OD 605 and ⌬OD 550 by 0.062 Ϯ 0.019 (P Ͻ 0.025) and 0.032 Ϯ 0.009 (P Ͻ 0.025), respectively. These data reaffirm that the isolated, saline-perfused working heart maintains vascular tone that upon attenuation by exogenous vasodilators relieves regional anoxia.
To determine whether cromakalim caused maximal vasodilation, paced hearts administered 5 M cromakalim were also administered 80 M adenosine after functional stabilization. Adenosine did not cause any further vasodilation, nor did it improve myoglobin oxygenation or cytochrome oxidation (Table 2).
The order of cromakalim and adenosine administration was reversed for further comparison. Functional and optical data are shown in Table 3 . Despite an already significant enhancement of coronary perfusion by 80 M adenosine, 5 M cromakalim decreased CVR by an additional 39 Ϯ 7% (P Ͻ 0.025) and increased coronary flow by an additional 33 Ϯ 6 ml/min (P Ͻ 0.005). Cromakalim increased venous PO 2 by an additional 66 Ϯ 16% (P Ͻ 0.005), confirming the earlier conclusion that cromakalim was more effective in generating vasodilation. Cromakalim eliminated increases in aortic output and oxygen consumption elicited by adenosine, returning these parameters to values not significantly different than control, again consistent with a net negative inotropic effect (55, 81) .
Cromakalim after adenosine caused a significant increase in myoglobin oxygenation and cytochrome oxidation. Adenosine induced an 0.053 Ϯ 0.008 (P Ͻ 0.005) increase in ⌬OD 582 of myoglobin, which approximately doubled to 0.100 Ϯ 0.015 (P Ͻ 0.025) with the addition of cromakalim. ⌬OD 605 of cytochrome aa 3 was Ϫ0.039 Ϯ 0.005 (P Ͻ 0.005) after adenosine. ⌬OD 605 after cromakalim was Ϫ0.068 Ϯ 0.011 (P Ͻ 0.025). These changes paralleled the enhanced vasodilation by cromakalim; improved tissue perfusion increased cytosolic and mitochondrial oxygenation. Note that the magnitude of myoglobin oxygenation and cytochrome oxidation in response to either order of vasodilator was not statistically different.
Estimation of Myoglobin Oxygenation and the Redox State
To attempt to quantitate cytosolic oxygenation and the oxidation/reduction state of the working rabbit heart, the full dynamic range of oxygenated and deoxygenated myoglobin as well as oxidized and reduced COX must be estimated. Estimating fully oxygenated myoglobin and oxidized COX is difficult in a working heart system, which relies on metabolically supported contraction for perfusion. Fully oxidized mitochondria, generated with drugs or conditions, cannot produce ATP, thereby preventing contraction and perfusion and, subsequently, generating ischemia. Thus, applying agents that oxidize COX by blocking electron flow, as used in a prior retrograde perfusion study (31) , could not be used. For this estimate in the working heart, we used the steady-state maximum vasodilation condition in each heart (~85-90 ml/min) as an estimate of complete myoglobin oxygenation and COX oxidation. The steady state after ischemia was used to estimate complete myoglobin deoxygenation and COX reduction level (31) . An absorbance difference spectrum between maximally vasodilated (adenosine and cromakalim) and ischemia (Fig.  5A) represents the difference between the most oxygenated/ oxidized and deoxygenated/reduced states in this experimental series. Individual chromophore contributions to the fit of this example are shown in Fig. 5B .
The absorbance range (total OD nm ), calculated per experiment as the difference between maximal increase and maximal decrease in ⌬OD for each chromophore (Fig. 5B) , was highly reproducible, yielding error close to 5%. For example, total OD 582 (myoglobin) was 0.220 Ϯ 0.012 and total OD 605 (COX) was 0.247 Ϯ 0.015. The high precision suggests that this approach provided consistent estimates of the fully oxygenated/ oxidized and deoxygenated/reduced states of the heart, independent of starting conditions. However, it is unlikely the fully oxygenated and oxidized states were being achieved with this protocol. Using these approximations, we estimated percent myoglobin oxygenation and cytochrome reduction level per heart as follows:
Again, these calculations assume that cromakalim completely oxygenated myoglobin and oxidized COX. As shown in Table 4 , myoglobin was 67.2 Ϯ 5.0% oxygenated under control conditions, whereas cytochrome aa 3 was 20.2 Ϯ 3.1% reduced compared with the metabolic state after cromakalim. After pacing, there was less oxygenated myoglobin at 63.3 Ϯ 4.9% oxygenated and more reduced cytochrome aa 3 at 23.2 Ϯ 3.0% reduced. Adenosine (80 M) increased oxygenated myoglobin to 80.1 Ϯ 7.1% and decreased the reduction level of cytochrome aa 3 to 10.5 Ϯ 3.5%, again relative to the metabolic state after cromakalim.
Although the assumption that ischemia generated a fully deoxygenated and reduced condition is likely very reasonable, we believe that the absorbance steady state after maximal vasodilation for the fully oxygenated and oxidized state is likely an underestimate, especially for the mitochondrial redox state. However, the values calculated do provide a lower limit for the dynamic changes associated with the protocols used in this study.
Vascular Tone Contributes to Tissue Deoxygenation
To confirm that vasoconstriction in the isolated heart propagates tissue deoxygenation, 53 Ϯ 23 nM arginine vasopressin Table 3 . Average changes in function and myocardial absorbance of the perfused rabbit heart due to adenosine followed by cromakalim Ϫ0.039 Ϯ 0.005* Ϫ0.068 Ϯ 0.011 † 4
Data are means Ϯ SE. OD, optical density. *Functional or absorbance measure as a result of adenosine or adenosine and cromakalim was significantly different from the paced control; †functional or absorbance measure as a result of adenosine and cromakalim was significantly different from adenosine alone. Fig. 5 . Difference in myocardial absorbance between maximally vasodilated state and ischemia in the perfused rabbit heart. A: absorbance difference (black) between ischemia and maximal vasodilation (adenosine and cromakalim), linear least-squares regression fit (green) of the absorbance difference, and residual (red) of the spectral fit. B: contribution of each chromophore to the spectral fit. Cyt, cytochrome; Mb, myoglobin; OD, optical density.
(AVP), a potent coronary vasoconstrictor (60) , was infused into paced, isolated working rabbit hearts. AVP caused a decrease in coronary flow from 35 Ϯ 2 to 15 Ϯ 5 ml/min (P Ͻ 0.05). Vasoconstriction was accompanied by decreased cardiac function. Aortic output decreased from 150 Ϯ 10 to 67 Ϯ 32 ml/min (P Ͻ 0.025), and oxygen consumption decreased from 6.3 Ϯ 0.5 to 3.0 Ϯ 1.0 mol O 2 ·min Ϫ1 ·g Ϫ1 (P Ͻ 0.025). Decreases in flow were accompanied by a decrease in ⌬OD 582 of myoglobin by 0.125 Ϯ 0.032 (P Ͻ 0.05). Myoglobin deoxygenation due to AVP represented 70 Ϯ 14% of the level of myoglobin deoxygenation after anoxia. There was an increase in ⌬OD 605 of cytochrome aa 3 by 0.123 Ϯ 0.033 (P Ͻ 0.05). Increases in the reduction level of COX represented 65 Ϯ 13% of the reduction level of COX after anoxia. These data imply that vasoconstriction causes marked myoglobin deoxygenation and COX reduction and compromises cardiac function in the isolated perfused heart.
DISCUSSION
The present study demonstrates that exogenous vasodilators relax vascular tone and increase cytosolic and mitochondrial oxygenation in both the isolated, saline-perfused working rabbit heart and retrograde Langendorff-perfused mouse heart. In the rabbit heart, both vasodilators decreased CVR and increased coronary flow and venous PO 2 . More importantly, increases in perfusion led to proportional increases in myoglobin oxygenation and COX oxidation. Similarly, adenosine increased flow, myoglobin oxygenation, and COX oxidation in the mouse heart as well. The vasoconstriction by AVP demonstrates that vascular tone contributes markedly to myoglobin deoxygenation and cytochrome reduction. These data suggest that the presence of PAC prevents optimal perfusion and maintains regional anoxia in the isolated heart in contrast to prior speculation that vascular bed geometry alone (9) or irreversible damage and vessel blockages (74) generate these low oxygen regions. These data demonstrate that the isolated heart has the capacity to improve its net tissue oxygenation, and subsequently cardiac function, by modulating vascular tone and yet fails to do so. The homeostatic orchestration of metabolic demand and coronary flow in the isolated heart is apparently compromised during saline perfusion in vitro. This is further illustrated by the observation that, in the absence of vasodilator, very slight increases in work due to pacing increased regional anoxia in the rabbit heart rather than elicited an appropriate hemodynamic response to maintain oxygen delivery and metabolic homeostasis. Similar observations have been made in the perfused guinea pig heart with epinephrine (28) and in the perfused mouse heart with isoproterenol (46), again suggesting even with these agents that the balance between energy demand and flow is not being properly maintained in the perfused heart.
The correlation between deoxygenated myoglobin and reduced COX observed in early spectroscopy studies of isolated systems even at high venous PO 2 (6, 74, 76) led to the hypothesis that detection of deoxymyoglobin does not imply a global reduction in PO 2 but rather indicates the existence of small regions of complete anoxia leading to both myoglobin deoxygenation and COX reduction (9, 31, 51, 76) . This concept of regional anoxia in isolated heart systems is supported by visualization of hypoxic tissue using mitochondrial NADH imaging of the perfused heart (4, 74, 79) . As the heart approached hypoxia, discrete regions of increased mitochondrial NADH fluorescence, consistent with local hypoxic regions, appeared before global effects were observed (4, 74) . Whether these regions exist to a lesser extent under control conditions has not been addressed using this technique other than the qualitative statement by Steenbergen et al. (74) that NADH fluorescence in the isolated heart under control conditions was "relatively homogenous . . . [with] a few small areas of high fluorescence." Although NADH and FAD fluorescence imaging only looks at the subepicardial regions of the heart (33), transillumination of the heart used here samples the entire wall (31, 76) , including the more vulnerable endocardium. For this reason, a direct correlation of the fluorescent imaging studies and transmission spectroscopy would be difficult. Yet data from numerous laboratories, preparations, and species using a variety of techniques, in addition to the present study, agree that discrete regions of anoxia exist in the isolated, salineperfused heart under control conditions.
The present study implicates PAC in the development of regional anoxia, since vasodilation with exogenous agents improved myoglobin oxygenation and cytochrome oxidation from control. Vasoregulation requires a complex signaling network, including feedback and feedforward systems (30) . This critical regulatory network has numerous elements, including many metabolites, many signaling molecules including O 2 , CO 2 , NO, and K ϩ , intrinsic adrenergic signaling, pH, blood cell signaling, and mechanosensing, that can influence local CVR in response to different stimuli, including hypoxia and changes in workload (7, 25, 30, 45, 74, 77) . Indeed, with the disruption of many vascular elements along with nonphysiological flow and arterial PO 2 , it is somewhat surprising that the vasoregulatory network in the isolated, saline-perfused heart works as well as it does. Mechanisms contributing to PAC in the saline-perfused heart are unresolved but might include altered shear signaling, high flow washout of interstitial vascular signaling factors, lack of red blood cell and platelet processing, and high tissue PO 2 .
Limited oxygen-carrying capacity along with low viscosity of saline buffer, compared with whole blood, is thought to drive a compensatory enhancement of coronary flow during in vitro perfusion that far exceeds normal physiological values (12, 18) . Both low viscosity and high flow could lead to altered signaling between the tissue and vasculature, including shear effects on vascular endothelial cells. Shear stress can be calculated as the product of viscosity and shear rate [4 ϫ flow/ ( ϫ r 3 )], where r is the inner radius of the vessel (62) . The ratio of flow in the isolated rabbit heart during saline perfusion (~7 ml·min Ϫ1 ·g Ϫ1 ) to flow estimated in vivo [~2 ml·min Ϫ1 ·g Ϫ1 Myoglobin oxygenation and cytochrome reduction level were estimated based on the assumption that cromakalim fully oxygenated myoglobin and oxidized cytochromes c and aa3 and ischemia fully deoxygenated myoglobin and reduced cytochromes c and aa3. H1800 PARADOXICAL ARTERIOLE CONSTRICTION IN THE PERFUSED HEART (63) ] is similar to the ratio of saline [~0.8 cP (75)] to whole blood viscosity [~3.2 cP (48) ]. Assuming vascular geometry remained the same during either perfusion condition, inversely proportional changes in flow and viscosity would not elicit large changes in shear stress. These estimates suggest that shear signaling is similar in vivo and during in vitro saline perfusion and therefore is not likely responsible for generating PAC.
Another possibility is that high flow alters vasoregulation by washing out signaling molecules in the interstitium. Affected regulatory molecules include adenosine, ATP, NO, CO 2 , H ϩ , K ϩ, Ca 2ϩ , and, possibly, yet to be identified agents. The concentration of vasoactive signaling molecules in the interstitium is a function of the rate of synthesis, rate of metabolic modification, and flow-dependent washout. With very high flow rates, it is conceivable that severe dilution of interstitial regulatory factors alters their control over vascular tone, potentially in a highly localized fashion depending on vascular anatomy or metabolic heterogeneity. It is interesting to compare interstitial metabolite measures in the in situ rabbit heart with the isolated, saline-perfused rabbit heart from the same laboratory. Matherne and colleagues reported in situ interstitial concentrations of adenosine (0.4 M), inosine (1.8 M), and hypoxanthine (3.6 M) (41) to be much higher than in the saline-perfused rabbit heart [adenosine (0.2 M), inosine (1.2 M), and hypoxanthine (0.3 M)] (54). These data are consistent with high flow washout of interstitial metabolites in the saline-perfused heart. Indeed, an argument could be made that the decrease in regional anoxia observed with exogenous adenosine in the current study implies that endogenous adenosine generation from these hypoxic zones was inadequate to support the appropriate regional vasodilation, potentially because of high flow washout.
Large differences in tissue PO 2 between the in vivo and in vitro conditions may contribute to observed PAC. Arterial PO 2 in our isolated rabbit heart preparation was~760 mmHg, whereas in vivo arterial PO 2 of the rabbit is only~85-102 mmHg under control conditions (8) . The high PO 2 of saline perfusate is necessary to provide adequate oxygen to support cardiac function in vitro but potentially limits oxygen delivery through vasoconstrictive effects (7) . However, the observation of reduced COX suggests that PO 2 approaches zero in hypoxic regions. This implies, because of the rapid diffusion of oxygen in muscle [1.16 ϫ 10 3 m 2 /s (3)], that any impact of high PO 2 on arteriole tone must occur remotely to hypoxic regions, since diffusion would tend to equilibrate the hypoxic and high PO 2 regions. This consideration brings some doubt to the role of PO 2 in generating the small hypoxic zones observed.
Because of the apparently small size of the hypoxic zones, we reasoned that PAC involves the feeding resistance arterioles (21) . The direct interplay of arteriole tone and the metabolic state of the tissue surrounding dependent capillaries is a very controversial area, and it is still unclear if and how dependent capillary metabolic signals are transmitted upstream to the feeding arteriole (71) . Direct electrical signaling via the endothelial cells, a feasible path for upstream signaling over these large distances, has been proposed (70) . However, mechanisms for this propagation pathway remain obscure. Another possibility considers the heart as a functional syncytium with workload evenly distributed over large regions. This implies that appropriate arteriolar capillary feedback may occur via adja-cent capillary beds rather than the dependent capillaries perfused by the arteriole. This latter possibility makes arteriole and capillary geometry a critical factor when considering the role of interstitial metabolite signaling, especially under high flow conditions. Red blood cells have been implicated in vasoregulation through several signaling pathways, including the release of ATP in response to decreased blood PO 2 at the level of hemoglobin (29, 36, 37, 45, 56) . Thus, lack of red blood cells may be compromising cardiac function beyond simply limiting oxygen delivery in the isolated system. Unfortunately, understanding the role of red blood cell signaling in the isolated heart using current spectroscopy techniques is hindered by the optical absorbance of hemoglobin.
The mammalian heart has a large heterogeneous distribution of catecholamine stores found at intracardiac sympathetic nerve terminals as well as in chromaffin-like cells in the atria and intrinsic cardiac adrenergic (ICA) cells (34, 43) . Epinephrine and norepinephrine are powerful vasoconstrictors that can override metabolic signaling on the vasculature (14, 38, 78) and are effective at concentrations below the metabolic stimulus threshold (35a) . Interestingly, ICA cells are distributed throughout the ventricles in close proximity to the microvasculature (43) . Although it is unresolved how these stores may be activated, a regional release of catecholamines, from either ICA or sympathetic nerves, in the deinnervated perfused heart could result in localized vasoconstriction without seriously impacting global cardiac function.
It is important to consider overcoming PAC before using the widely used isolated perfused heart preparation to study cardiac function and metabolism. Although it might be possible to pretreat with vasodilatory agents to reduce PAC and improve tissue oxygenation, it is not clear that PAC is completely eliminated with this strategy at all workloads (see Fig. 2F ). In addition, off-target effects of these agents, such as chronotropic and inotropic effects, need to be considered. Finally, the disruption of the normal vascular regulatory system with exogenous agents limits the utility of these experiments in revealing physiological processes. In any event, the present study underscores the necessity of monitoring tissue oxygenation when interpreting work-related changes in cardiac function and metabolism in the saline-perfused heart.
In summary, the isolated saline-perfused heart partially lacks the homeostatic balance between cardiac work and oxygen delivery, via flow, resulting in small regions of total anoxia. Exogenous vasodilatory agents improve perfusion and diminish regional anoxia, supporting our hypothesis that PAC generates these zones. PAC likely results from the disruption of normal feedback and feedforward mechanisms involved in vasoregulation. Based on our analysis, we believe that the most likely source of PAC is washout of interstitial vasoactive agents complicated by the complex vascular anatomy. It is interesting to note that some aspects of cardiac function and metabolism in the isolated saline-perfused heart mimic characteristics of microvascular dysfunction observed in clinical studies (16, 23) .
